Nitrate leaching and apparent recovery of urine-N in grassland on sandy soils in the Netherlands  by Corré, W.J. et al.
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a  b  s  t  r  a  c  t
Urine  patches  are  an important  nitrogen  input  source  in  managed  pasture  systems.  The  objective  of  this
study  was to quantify  the  effect  of  artiﬁcial  urine  application  at different  dates  on  nitrate  leaching  in a
well  drained  sandy  soil.  In  three  subsequent  years,  we measured  nitrate  leaching  and  apparent  urine-
nitrogen  recovery  (ANR)  in  a ﬁeld  experiment  and in  two  lysimeter  experiments  over a  period  of  1
year  post  urine  application.  Artiﬁcial  urine  patches  with  400  kg ha−1of urine-N  were  applied  at  different
times  of  the grazing  seasons.  For the  ﬁeld  experiment,  we  compared  nitrate  leaching  measurements  with
NURP model  calculations.  In the  ﬁeld experiment,  greatest  ANR  was  measured  for spring  and  summer
applications  (averaging  31%  of  applied  urine-N),  and  signiﬁcantly  declined  to  0%  for October  applications.
Nitrate  leaching  increased  under  urine  patches,  with  a signiﬁcant  effect  of  application  date.  This  effect  was
not,  however,  consistent  over  the  three  years.  Total  recovery  of  N in  grass  and  of  mineral  N in  leachate  and
soil was  generally  less  than  the  amount  of urine-N  applied,  with  a balance  deﬁcit  of 60-80%  (ﬁeld)  or  10-
70%  (lysimeters).  For  the  ﬁeld  experiment,  the  total  increase  in  nitrate  leaching  corresponded  reasonably
well  with  NURP  model  calculations.  However,  the  effect  of application  date  on nitrate  leaching  was  much
smaller in the  ﬁeld  experiment.  Our  results  suggest  that  restrictions  to grazing  in autumn  probably  will
be  effective  in  decreasing  the annual  amount  of  nitrate  leached,  although  this decrease  remains  hard  to
quantify.
© 2014  Royal  Netherlands  Society  for Agricultural  Sciences.  Published  by Elsevier  B.V.  All  rights. Introduction
Meeting the EU Nitrate Directive of maximum 50 mg nitrate per
itre in the upper groundwater remains a challenging target for
airy farming in the Netherlands. This is especially true for dairy
armers on the sandy soils in the South and East of the Netherlands
hich are vulnerable to nitrate leaching. Reduced grazing is seen
s a promising measure to reduce nitrate leaching under grassland
hile maintaining the production level. The idea behind the effec-
iveness of this measure is straightforward: during grazing large
mounts of nitrogen (N) are deposited on limited areas of land in
rine- and dung patches. This N can only be used by the grass to a
imited extent, especially in patches deposited later in the season
1]. Hence large amounts of mineral N (ammonium-N and nitrate-
) can accumulate in autumn under urine patches, with a high risk
f nitrate leaching in winter as a result.
∗ Corresponding author.
E-mail address: wim.corre@wur.nl (W.J. Corré).
ttp://dx.doi.org/10.1016/j.njas.2014.02.001
573-5214/© 2014 Royal Netherlands Society for Agricultural Sciences. Published by Elsereserved.
However, to what extent grazing might increase nitrate leach-
ing is not well known for current dairy farming practices in
the Netherlands. Measurements in grazing experiments showed
clear effects, but were mostly restricted to high N fertiliser lev-
els and day and night grazing [2,3]. In recent years, on sandy soils
the majority of the dairy cows only graze during the day, with
an average grazing period of approximately eight hours per day
(http://www.statline.cbs.nl). Simultaneously, average chemical N
fertilisation rates have dropped from over 400 kg N ha−1 in 1995
to less than 150 kg N ha−1 since 2003 (http://www.lei.wur.nl). The
N-fertilisation rate is a key parameter determining nitrate leaching
rates: higher N fertiliser rates lead to higher N contents in grass and
subsequently to high N loads in urine patches. These high N loads
have a low potential for utilisation by pasture plants [4]. Restricted
grazing combined with providing low protein roughage therefore
leads to a further decrease of the N load in urine patches [5].On a ﬁeld scale, it has been difﬁcult to demonstrate differences
in nitrate leaching due to grazing. In an experiment with current
grassland management practices on a clay soil, a small difference
in the nitrate content of the drainage water was found between
vier B.V. All rights reserved.
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Table 1
Soil properties of the grasslands used in the experiments.
Properties ‘Cranendonck’ (0-10 cm) ‘De Marke’ (0-20 cm)
% sand > 95 > 95
pH-KCl 5.4 5.1
%  organic matter 3.1 3.8
The measured nitrate leaching was  compared with calculations
made with the model ‘NURP’ [12] for the speciﬁc urine applications
and conditions of the ﬁeld experiment. In this model the basis of
the calculation of nitrate leaching is an exponential relationship
Table 2
Composition of artiﬁcial urine.
Organic
compounds
gram
litre−1
N, gram litre−1 Inorganic
compounds
gram litre−1
Urea 12.85 6.00 KCl 10.5
Allantoin 2.40 0.85 KHCO3 14.0
Creatinine 1.10 0.41 CaCl .2H O 0.46 W.J. Corré et al. / NJAS - Wageningen J
redominantly grazed ﬁelds and predominantly cut ﬁelds [6]. De
oer [7] found a clear increase in the nitrate content of groundwa-
er due to grazing, and especially grazing in autumn. However, the
xtent of this effect on the sandy soil was strongly affected by the
ate of groundwater sampling. Finally, Verloop et al. [8] calculated
 signiﬁcant contribution of grazing on the nitrate content of the
roundwater on a sandy soil by analysing management factors on
eld level for an experimental dairy farm on sandy soil. However,
arger scale on-farm measurements of the groundwater quality of
andy soils in the Netherlands showed no relation between dif-
erent grazing intensities on farm level and nitrate content of the
roundwater [9]. This might be caused by the high small-scale vari-
tion in nitrate leaching, which makes differences between ﬁelds
r farms difﬁcult to demonstrate.
Under individual urine patches, it has been easier to demon-
trate increased nitrate leaching. However, in many of those
xperiments N loads around 1000 kg N ha−1 were used (e.g.
10,11]) whereas current grassland management practices in the
etherlands result in a typical load of approximately 400 kg N ha−1
12]. Recent publications have shown the importance of the N
oad in urine patches [13] and the date of urine application [14]
n nitrate leaching. Furthermore, in many experiments with urine
atches appreciable balance deﬁcits were found, i.e. a large part of
he urine-N was not accounted for in calculations of the apparent N
ecovery. These balance deﬁcits often developed in a period when
itrate leaching and denitriﬁcation were of minor importance and
ould not explain the deﬁcits [1,15,16].
The aim of the present study was to quantify the effect of urine
atches and their date of application on nitrate leaching under
onditions representative for current Dutch dairy farming on well
rained sandy soils. We  report results from three experiments.
irst, in a ﬁeld experiment artiﬁcial urine was applied to a perma-
ent grassland at different dates during the growing season and
easurements were made of the apparent N recovery (ANR) in
rass, soil mineral N and nitrate leachate. The effect of grazing
n nitrate leaching on a ﬁeld scale was calculated by scaling up
he results of individual urine patches and was compared to cal-
ulations with the model ‘NURP’ (Nitrogen, URine and Pastures,
12]). To improve the reliability of the nitrate leaching measure-
ents, in two additional experiments undisturbed monoliths were
aken from two grassland ﬁelds and placed in lysimeters. Artiﬁcial
rine was again applied at different dates in the growing season.
easurements included ANR by the grass, stubble and roots, soil
ineral N in autumn and in next spring, and nitrate leaching.
. Materials and methods
Nitrate leaching and apparent recovery of urine-N was  mea-
ured in artiﬁcial urine patches in a ﬁeld experiment starting in
002 (Expt. 1) and in two lysimeter experiments starting in 2004
Expt. 2) and 2005 (Expt. 3). The ﬁeld experiment was  established
n a permanent grassland on a sandy soil at the experimental farm
Cranendonck’ in the South of the Netherlands (51.18 N; 5.37 E).
or the lysimeter experiment undisturbed soil cores (depth 60 cm,
iameter 19 cm)  were taken from permanent grasslands on sandy
oils at the experimental farms ‘Cranendonck’ (Expt. 2) and ‘De
arke’, located in the East of the Netherlands (52.03 N; 6.18 E;
xpts. 2 and 3). Soil properties for both locations are listed in
able 1. Both ﬁelds were not reseeded for several years and were
ot grazed in the experimental year and in the preceding year. Both
elds were fertilised in the previous years according to common
gricultural practices with a rate of approximately 250 kg N ha−1
ear−1, including effective N in animal manure.
In all experiments artiﬁcial urine was applied in a quantity of
 mm,  corresponding to 400 kg N ha−1, of which 80% was applied%  N-total 0.12 0.13
as urea. Several organic nitrogenous components were included
to ensure similar behaviour of the artiﬁcial urine as normal cattle
urine with respect to ammonia volatilisation and other N dynamics
[17,18]. The complete composition of the artiﬁcial urine is listed in
Table 2.
2.1. Field experiment
In the ﬁeld experiment the grass was cut on 20 April 2002
and just before the start of the experiment on 31 May 2002.
The ﬁeld was fertilised with cattle slurry twice in spring and
with ammonium nitrate four times during the growing season.
In total, 270 kg ha−1 of effective N was  applied, including 100 kg
from animal manure. The experiment was  laid out as a completely
randomized block design with 3 replicates and 6 artiﬁcial urine
application dates as treatments: 31 May, 24 June, 22 July, 22 August,
19 September and 22 October 2002. Urine was  applied by hand
equally to plots measuring 2 m x 5 m,  within hours after cutting the
grass. Additionally the grass was cut on 2 May  2003 after a moderate
fertilisation of 50 kg effective N ha−1 in cattle slurry in March. Cut-
ting was  done using a ‘Haldrup’ plot cutter with automatic weight
and sample system at a cutting height of 5 cm. A subsample was
dried at 70 ◦C and subsequently analysed for total N using standard
methodology [19]. Plant N uptake was  calculated as the product of
its dry matter production and its respective N content. After cutting
the grass, the soil was  sampled to a depth of 60 cm with 10 cores
per plot. The cores were mixed and analysed for mineral N after KCl
extraction (50 ml  of 1 M KCl and 20 g soil) using standard method-
ology [20]. Sampling was  continued during winter with intervals
of six to eight weeks. Nitrate leaching was approximated by the
aggregated nitrate content of the upper 100 cm of the groundwater
in winter, measured with a sampling device made for a propor-
tional sampling of the entire sampled groundwater layer. According
to [21], this nitrate content has proven to be a good measure for
nitrate leaching for sandy soils in the Netherlands when sampling
takes place when the rain surplus over evapotranspiration after 1
November reached 300 mm.  The nitrate leaching is calculated as the
nitrate content of the sampled groundwater and a leaching volume
of 300 litre m−2. The groundwater was sampled on 15 January 2003
with the groundwater level at a depth of approximately 100 cm.2 2
Hippuric
acid
8.00  0.62 MgCl.5H2O 1.2
Uric  acid 0.35 0.12 Na2SO4 3.7
Total N 8.00
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etween date of urine deposition and soil mineral N content in
utumn and a linear relationship between soil mineral N content
n autumn and nitrate leaching, using a soil speciﬁc ratio or ‘den-
triﬁcation factor’. The soil speciﬁc ratio for our experiment was
etermined from the ratio between mineral N content in autumn
nd the subsequent nitrate leaching of the control plots in the
xperiment.
Upscaling of nitrate leaching from urine patch level to ﬁeld
nd farm level was done for two grazing systems, day grazing
nd day and night grazing, and for both measured and model
alculated nitrate leaching. Furthermore, nitrate leaching was  cal-
ulated for two scenarios of distribution of urine patches over
he grazing season. In the ﬁrst scenario, 100% of the grass pro-
uction is grazed, with an irregular distribution of grazing over
he season as a result (Table 5). In practice, this distribution of
rine patches over the grazing season will not be found, because
t implies adapting the number of cattle to the distribution of the
rass production over the season. By alternating cutting and graz-
ng on the same ﬁelds an even distribution of grazing over the
eason can be achieved while the surplus of grass produced is
ut. Table 5 also shows such a scenario, where 50% of the annual
roduction is grazed and the amount of grass grazed remains
onstant during the whole season. Because only 50% of the grass
roduced is grazed, the area needed for grazing is doubled in this
cenario.
.2. Lysimeter experiments
Monoliths for the two lysimeter experiments were taken
pproximately two weeks before the start of the experiments in
reshly cut grassland, using 65 cm deep PVC lysimeters equipped
ith a steel ring. Monoliths had a 19 cm diameter and were
0 cm deep. They were placed outside in the experimental area
f Plant Research International in Wageningen (51.58 N; 5.40 E).
he lysimeters were sealed on the bottom side and had a drain to a
erry can for collecting the leachate. A biocide (mercuric chloride)
as added to the jerry cans in order to prevent microbial trans-
ormations in the leachate. Artiﬁcial urine was  applied manually
n 6 September, 4 October and 1 November 2004 in Expt 2 and
able 3
ates of application of artiﬁcial urine, sampling grass and sampling stubble, roots and soi
Experiment 2 3
Series 1 2 1 
Application date 1 2 3 1 2 3 1 2
Date of application
06-09-2004 + +
04-10-2004 + +
01-11-2004 + +
27-06-2005 + 
25-07-2005 +
05-09-2005 
17-10-2005 
Grass sampling
04-10-2004 + +
01-11-2004 + + + +
25-07-2005 + 
05-09-2005 + +
17-10-2005 + +
Stubble/root/soil
22-11-2004 + + +
11-04-2005 + + +
25-07-2005 
05-09-2005 
17-10-2005 
14-11-2005 + +
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on 27 June, 25 July, 5 September and 13 October 2005 in Expt 3.
Experiment 2 was not fertilised during the experimental period, in
experiment 3, 50 kg ha−1 N as ammonium nitrate was applied on
29 June and again on 27 July 2005 to both urine treatments and
the control. When rainfall did not sufﬁce to compensate for the
enhanced transpiration of the overhanging grass in the free stand-
ing lysimeters, water was applied to prevent wilting of the grass,
in equal amounts to all treatments. In Expt 2, 12 mm of water was
applied in September 2004 and in Expt 3, respectively 30, 18, 0, 18
and 18 mm water was  applied in June, July, August, September and
October 2005. Grass was cut manually from all lysimeters on the
dates of urine application at a cutting height of 5 cm. Volume and
nitrate contents of the leachate were measured regularly during
winter.
Both lysimeter experiments were designed as two  series of ran-
domised blocks with three replicates in expt. 2 and four replicates
in expt. 3. In one series stubble, roots and soil were sampled in
autumn, in the other series nitrate leaching was measured and
stubble, roots and soil were sampled in spring. On 22 November
2004 and 11 April 2005 in Expt. 2 and on 14 November 2005 and
10 April 2006 in Expt.3, stubbles (including grass grown since the
last harvest) were cut at the soil surface and roots were sampled
by washing out soil cores of 8 cm diameter. Plant material sam-
ples were dried and analysed for total N. On the same dates, the
soil was sampled, four cores per lysimeter were mixed and ana-
lysed for KCl extractable mineral N. Furthermore, expt. 3 had a
third series of four replicates laid out as a completely randomized
block, in which stubble, roots and soil were sampled one growth
period of four or six weeks after urine application. This resulted
in a total of 48 and 64 lysimeters for experiments 2 and 3, respec-
tively. An overview of the dates of urine application and sampling of
grass, stubble, roots and soil in the lysimeter experiments is given
in Table 3.
Apparent recovery of urine-N (ANR) in grass, stubble and roots
and in soil mineral N and nitrate leaching was calculated as the
difference between the amount of N in the urine treatments and
the amount of N in the control treatment.
Statistical analysis was  performed using single factor ANOVA in
Excel.
l in the lysimeter experiments.
2 3
 3 4 1 2 3 4 1 2 3
+ +
 + +
+ + +
+ +
+ +
 + + +
 + + + + +
+
+
+
 + +
+ + + +
28 W.J. Corré et al. / NJAS - Wageningen Journal of Life Sciences 70–71 (2014) 25–32
Table 4
Apparent urine-N recovery (ANR) in stubble (all above-ground biomass including grass grown since the last harvest) and roots in two  lysimeter experiments (ANR in kg N
ha−1).
Date of appl. Expt. 2 (Ca) Expt. 2 (Mb) Expt. 3 Expt. 3 (1st cutc)
Stubble 27-06 24 ± 11 21 ± 4
November 25-07 23 ± 5 78 ± 5
05-09  72 ± 6 42 ± 12
06-09  47 ± 14 27 ± 11
04-10 26 ± 7 24 ± 2
17-10 71 ± 3
01-11 12 ± 4 19 ± 3
Stubble 27-06 22 ± 15
April  25-07 26 ± 13
05-09  38 ± 13
06-09  8 ± 11 4 ± 7
04-10 13 ± 6 1 ± 1
17-10 59 ± 7
01-11 14 ± 2 9 ± 8
Roots 27-06 27 ± 12 33 ± 25
November 25-07 25 ± 12 1 ± 17
05-09 45 ± 9 -3 ± 37
06-09  104 ± 11 3 ± 8
04-10 56 ± 16 14 ± 51
17-10 26 ± 20
01-11 60 ± 33 -28 ± 12
Roots 27-06 86 ± 62
April  25-07 28 ± 25
05-09  73 ± 38
06-09  28 ± 3 17 ± 4
04-10 22 ± 13 14 ± 4
17-10 120 ± 52
01-11 27 ± 7 29 ± 10
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Ea monoliths from location ‘Cranendonck’.
b monoliths from location ‘De Marke’.
c ANR after one growth period, measured on 25-07, 05-09 and 17-10; grass not i
. Results
.1. Apparent urine-N recovery (ANR) in crop
The apparent recovery of urine-N in harvested grass is shown
n Figure 1 for all three experiments. The ANR in grass was  rela-
ively stable in spring and early summer and declined signiﬁcantly
p < 0.05) from August onward. The ANR was relatively low in the
eld experiment, 30 to 35% of the urine-N at maximum, which was
eached in a short period (2-3 months after urine application). No
urther increase in ANR was found in the next spring, although a
mall increase in soil mineral N was found after late application of
rine.In the lysimeter experiments the ANR was higher than in the
eld experiment with a maximum just over 50%. Besides the ANR
n the harvested grass, some additional N recovery was found in
tubble and roots. The results of the measurements of ANR in
igure 1. Apparent urine-N recovery in grass during the growing season in three
xperiments. Error bars denote standard errors of the mean (Expts. 1 and 2: n = 3,
xpt. 3: n = 4).d.
stubble and roots for both lysimeter experiments are shown in
Table 4. These data show an appreciable ANR, up to 15% of the
applied urine-N, in the stubble during the growing season and in
November, the latter including grass growth after the last harvest
in late October. In most cases in spring no effect of urine applica-
tion on the amount of N in stubble and grass was left. Mostly a
clearly positive ANR was found. But, due to the large variation in
root weights, no consistent pattern could be distinguished and in
most cases the differences in ANR were not signiﬁcant.
3.2. Mineral N in soil
When applied in spring or early summer, a rapid decrease in
soil mineral N occurred, as is shown in Figure 2 for the ﬁeld exper-
iment. This rapid decrease also resulted in low mineral-N contents
in autumn in early applied urine patches. In urine patches applied
Figure 2. Development of apparent recovery of urine-N in soil mineral N in expt. 1.
(400 kg ha−1 was applied, not measured). Error bars denote standard errors of the
mean (n = 3).
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Figure 3. Nitrate leaching from applied artiﬁcial urine, data from experiments
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Figure 4. Apparent recovery of urine-N in autumn 2002 (left) and spring 2003
(right) in experiment 1, applied to ﬁeld plots at different dates in 2002. Dates: 31
May  (1), 24 June (2), 22 July (3), 22 August (4), 19 September (5), 22 October (6).mean and standard error) and model calculation (NURP). Model calculations are
nly valid for the conditions of expt. 1. Error bars denote standard errors of the
ean (Expts. 1 and 2: n = 3, Expt. 3: n = 4).
n August or later, a clearly increased mineral N content was  found
n the soil in November in expts. 1 and 2 (Figs. 4 and 5). For expt.
, however, in the September application almost all mineral N was
epleted before November (Fig. 6).
.3. Nitrate leaching
In the ﬁeld experiment all urine patches showed increased
itrate leaching, with a signiﬁcantly (p < 0.05) larger increase after
pplication in September and October. The nitrate leaching mea-
ured in the ﬁeld experiment was compared to calculations with
he model ‘NURP’ [12]. In this model the nitrate leaching is propor-
ional to the amount of mineral N in the soil in November, using a
oil speciﬁc ratio or ‘denitriﬁcation factor’ The amount of mineral N
n urine patches which is still present by then increases exponen-
ially with the date of application, i.e. in relation with the number
f days before 1 November. The soil speciﬁc ratio between nitrate
eaching over winter and soil mineral N in November, needed in the
odel calculations, was  determined by calculating the ratio of the
itrate-N leached and the mineral N found in soil in November in
he control plots. Measurements from the three experiments and
URP model calculation results are compared in Figure 3. The gen-
ral level of nitrate leaching was comparable for measurements and
alculations, but the effect of date of application was  much smaller
n the measurements. The measurements showed an increase in
itrate leaching of 4 to 11% of the urine-N after deposition from
ay  to October, whereas calculation using NURP for similar con-
itions resulted in an increased nitrate leaching from 1 to 28% of
pplied urine-N.
Nitrate leaching from the lysimeters was comparable with the
eld experiment for late application in expt. 3, but it was apprecia-
ly higher for autumn application in expt. 2 (Figure 3). In expt. 2
nly a slight, non signiﬁcant, increase of nitrate leaching with date
f application, from 6 September to 1 November, was observed for
oth soils In expt. 3, no increased nitrate leaching was measured
fter application in summer, even up to 5 September, as compared
o the control treatment. This in contrast to the increased leaching
n the ﬁeld experiment after application in summer.
.4. Balance deﬁcit
The low ANR in grass and the low recovery as mineral N in
he soil after urine application leave a large amount of urine N
ot accounted for at the end of the growing season. This includes
mmobilization in the soil microbial biomass and soil organic mat-
er, as well as ammonia volatilisation, which can be estimated at
0% of the urine-N on average for current Netherlands conditions
16]. These balance deﬁcits did originate in the period shortly afterapplication, a period in which neither nitrate leaching nor deni-
triﬁcation was  likely to be of signiﬁcance. In the ﬁeld experiment,
as shown in Figure 4, the deﬁcits reached 250 to 290 kg N ha−1 for
urine applied before August and decreased with application date
from August onward to 60 kg for application in late October. Dur-
ing winter the balance deﬁcits in patches with early application
decreased gradually with 15 to 30 kg N ha−1. In patches with later
application the balance deﬁcit increased during winter up to 290
to 330 kg.
The results of the lysimeter experiments are shown in
Figures 5 and 6. Compared to the ﬁeld experiment, in expt. 2 the
ANR in the crop reached similar levels and the nitrate leaching was
higher. This resulted in smaller but still appreciable balance deﬁcits,
occurring in autumn, when denitriﬁcation could be of signiﬁcance.
In expt. 3 the ANR in the crop was  relatively high, but the amount of
mineral N in November was  very low after later applications. This
resulted in balance deﬁcits of 150 to 200 kg N ha−1, the larger part
of which occurred during dry weather conditions in summer and
early autumn.Figure 5. Apparent recovery of urine-N in autumn 2004 (left) and spring 2005
(right) in experiment 2, applied to lysimeters at different dates in 2004. Soils:
C  = Cranendonck; M = De Marke. Dates: 6 September (1), 4 October (2), 1 November
(3).
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Table 5
Nitrate leaching from grazed grassland where 100% or 50% of the annual production is grazed, based on ﬁeld measurements and model calculations for the conditions of the
ﬁeld  experiment.
Nitrate leaching (kg N ha−1)
measured in expt. 1
Nitrate leaching (kg N ha−1)
calculated with NURP
Month Production % of total Urine patches m2 ha−1 Patches Field Patches Field
April 10 208 10 0.2 0 0
May  20 416 15 0.6 3 0.1
June  20 416 20 0.8 10 0.4
July  18 374 19 0.7 20 0.7
August 16 333 17 0.6 34 1.1
September 10 208 36 0.7 58 1.2
October 6 125 45 0.6 100 1.3
Background - - 11 11 11 11
Total  100 2080 15.2 15.8
April  4 84 10 0.1 0 0
May  8 166 15 0.2 3 0.0
June  8 166 20 0.3 10 0.2
July  8 166 19 0.3 20 0.3
August 8 166 17 0.3 34 0.6
September 8 166 36 0.6 58 1.0
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JOctober 6 125 
Background - - 
Total  50 1040 
.5. Upscaling of nitrate leaching to the ﬁeld- and farm level
Calculations of the annual nitrate leaching on a ﬁeld level were
ade by scaling up the results of individual urine patches, both
n the basis of measured values and calculations with the model
NURP’. Calculations were made for a net production of 10 ton
ry matter (DM) per year, distributed over the growing season
s shown in Table 5 and grazed either completely or for 50%. In
oth scenarios, dairy cows ate 8 kg of grass (DM) per day during
 hours of grazing and were fed supplementary with protein poor
oughage, like silage maize. This ration resulted in a urine produc-
ion of 25 litres per day with an N content of 8 g l−1, one third
f which will be deposited in the ﬁeld [22]. With a distribution
f 5 l m−2, this resulted in 2080 m−2 of urine patches ha−1 yr−1
ith a N load of 400 kg ha−1 and a distribution over the growing
eason proportional to the grass production for the scenario with
00% of the grass production grazed. Combination of this distri-
ution with the measured nitrate leaching from urine patches in
xperiment 1 gives the nitrate leaching from urine on ﬁeld level,
ith the restriction that overlap of urine patches was  not taken into
ccount. On the ﬁeld level, the nitrate leaching calculated from the
easurements appeared to be increased from 11 to 15.2 kg N ha−1
y the application of urine, a clear but moderate increase. A
igure 6. Apparent recovery of urine-N in autumn 2005 (left) and spring 2006
right) in experiment 3, applied to lysimeters at different dates in 2005. Dates: 27
une (1), 25 July (2), 5 September (3), 13 October (4).45 0.6 100 1.3
11 11 11 11
13.4 14.4
similar combination of the urine patches distribution and the NURP
model calculation of the nitrate leaching resulted in an increase of
the nitrate leaching from 11 to 15.8 kg N ha−1, only slightly more
than based on the measurements. Similar to the results of individ-
ual patches, the contribution of urine patches applied early in the
growing season was  larger for the measured values and the con-
tribution of urine patches applied later in the growing season was
larger for the model calculations.
The scenario with 50% of the grass production grazed lead to a
smaller increase in nitrate leaching: from 11 to 13.4 kg N ha−1 for
measurements and to 14.4 kg N ha−1 for model calculations. How-
ever, because of the higher proportion of grazing in the production
later in the season, the increase was  more than half the increase
of the situation where 100% of the production was  grazed, which
implies a larger increase in nitrate leaching on a farm level for this
scenario. The difference between nitrate leaching based on mea-
surements and based on model calculations is somewhat larger in
this scenario, again because of a higher proportion of grazing later
in the season.
4. Discussion
4.1. ANR in crop
After urine application early in the growing season in the ﬁeld
experiment, the ANR in harvested grass did only increase for two
or three months, with a comparable ANR for the May, June and July
applications as a result (Figure 1). As can be seen from the min-
eral N dynamics in the soil (Figure 2), the period during which the
ANR was established coincided with the period during which min-
eral N concentrations were elevated above background levels. It
can therefore be concluded that the rather low ANR in the grass
was caused by the fast disappearance of mineral N under urine
patches. In the lysimeter experiments, the ANR in harvested grass
from urine patches applied at comparable dates was higher com-
pared to the ﬁeld experiment, but the period of increased N uptake
by the grass after urine application was  similar. Hence, the reason
for the higher ANR was more likely to be a faster growth, caused by
a better light interception due to overhanging grass, rather than a
slower decrease of the mineral N in the lysimeters. A much higher
ANR, over 50% even for application in autumn, was found by Di and
Cameron [13]. This large difference was probably due to the milder
winter climate in New Zealand and to the absence of any fertiliser
ourna
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, resulting in an annual control yield of only 4.42 ton of dry matter
a−1.
ANR in stubble and roots was only temporary, but it might con-
ribute to the ANR in harvested grass. During the growing season
irectly through redistribution of N from stubble and roots to har-
estable grass and later indirectly through increased mineralisation
f N from decayed roots and stubble. This was  not conﬁrmed in
xpt. 1, where no further ANR was found in spring, not even when
n increase in soil mineral N was measured. This might be due to
he very bad condition of the sward after winter in expt. 1, with a
ow and irregular grass production in spring as a result.
The lack of a consistent ANR in roots was probably caused by
he sampling method; roots were sampled only from a part of the
rea, while grass roots have a very irregular distribution. Also the
ashing of the roots, where the small grass roots easily can be lost,
ould contribute to the large variation found. The absence of a pat-
ern makes it impossible to quantify the ANR in roots, related to
ate of application and date of sampling.
.2. Nitrate leaching
The different experiments showed clear differences in nitrate
eaching levels. The lower nitrate leaching levels in the ﬁeld
xperiment compared to expt. 2 might be explained by the experi-
ental design, where nitrate leaching in the ﬁeld is estimated from
roundwater composition whereas in the lysimeters it was directly
easured. In the ﬁeld the nitrate content of the percolating water
ight decrease between a depth of 60 cm and the groundwater
evel or in the groundwater itself due to denitriﬁcation, leading
o an underestimation of nitrate leaching. In experiment 3, how-
ver, the nitrate leaching level was very low after application up
o September and comparable to the ﬁeld experiment after appli-
ation in October. From this result it seems more likely that the
ifferences in nitrate leaching between the experiments are the
esults of year effects. Different soils showed only small differences
n experiment 2: the two locations had comparable soil types and
anagement history and showed very comparable nitrate leaching
evels (Figure 5).
Measured values and model calculations of nitrate leaching from
rine patches were reasonably well in agreement, but the seasonal
istribution of the nitrate leaching was different. The model cal-
ulations are based on an exponential relationship between date
f application and soil mineral N on 1 November, with as ultimate
esult an amount of 100% of the urine-N as soil mineral-N when
pplied on 1 November, and on a linear relationship between soil
ineral N on 1 November and nitrate leaching in winter [12]. This
atter relationship is based on ﬁeld measurements in cut grassland
nd was never conﬁrmed for urine patches. Hence, it seems likely
hat the performance of the model could be improved by adapting
he relation between soil mineral N in urine patches in November
nd nitrate leaching in winter. Possibly, the same processes that are
esponsible for the fast decrease of soil mineral N in urine patches
n spring and summer are occurring in autumn and winter, with a
ower nitrate leaching level than calculated in the model as a result.
n the other hand, in the ﬁeld experiment in early applied urine
atches a higher nitrate leaching was found than was expected on
he basis of soil mineral N in November. This might be explained
y temporarily immobilisation in soil organic matter, for example
aused by an increased stubble production. However, this increase
n nitrate leaching was not conﬁrmed in experiment 3, where no
ncrease in nitrate leaching at all was found after spring and sum-
er  application. That also no increase in nitrate leaching could beound in expt.3 after application of urine on 5 September could
e caused by the abnormal favourable growth conditions during
eptember and October, which could result in a faster than normal
ecrease in soil mineral N.l of Life Sciences 70–71 (2014) 25–32 31
It can be concluded that grazing generally will lead to increased
nitrate leaching through the deposition of urine patches with a
stronger increase after a later application, but the relation to the
date of application was  not really consistent and therefore the
effect of grazing on nitrate leaching remains hard to quantify, even
after measurements over three seasons. This is related to the large
balance deﬁcit of urine N.
4.3. Balance deﬁcit
The combination of a moderate ANR in harvested grass and a fast
decrease of the amount of soil mineral N resulted in a large amount
of N ‘not accounted for’ in urine patches applied in spring or sum-
mer. The balance deﬁcit included ammonia volatilisation, which
can be estimated at 10% of the urine-N on average for Dutch con-
ditions [16]. This ‘disappearance’ of N occurred mostly in a period
that the conditions for nitrate leaching and denitriﬁcation were
unfavourable, while immobilisation of approximately half of the
urine-N in not harvested crop parts (illustrated in Table 4 for expt.
3) and soil organic matter also doesn’t seem likely. Similar large
balance deﬁcits in urine patches, appearing on short term after
application in spring and summer were reported by Sherwood and
Fanning [15] and by Cuttle & Bourne [1], who  also could not explain
the balance deﬁcits by nitrate leaching or denitriﬁcation. In order
to quantify immobilisation of urine-N in soil organic matter, an
approach using 15N labelled urine may  be helpful.
The slight decrease of the balance deﬁcit during winter in
urine patches with early application was  probably a result of re-
mineralisation of N, temporarily immobilised in stubble or grass or
in soil organic matter.
4.4. Practical implications
Although urine patches generally resulted in elevated nitrate
leaching, with stronger increased nitrate leaching at later applica-
tion dates, on a ﬁeld-scale the effects of grazing on nitrate leaching
appear to be limited (Table 5). As dairy farming systems without
grazing show an increased ammonia volatilisation compared with
systems with grazing [23], the environmental beneﬁts of a further
limitation of grazing will be even more limited.
However, the limited effect on nitrate leaching that we cal-
culated depended on a set of assumptions. It was assumed that
grazing was  restricted to eight hours per day and occurred only in
grassland with a moderate N fertilisation level in the right growth
stage and with the right stocking rate and supplementary feed-
ing of protein-poor roughage. This combination will result in a
minimal urine-N excretion in the ﬁeld. In practice, grazing in the
right growth stage, (which for the Netherlands is considered to
be approximately 1700 kg of grass DM ha−1) is hard to maintain.
Especially later in the season grazing of grass in early stages of
development frequently occurs. This grass has a higher N content,
with a higher urine-N excretion as a result. Verloop et al.  [8] con-
sidered this factor important when discussing the reasons for the
large effect of grazing on nitrate leaching in their ﬁeld level anal-
ysis. The extent of the contribution of grazing to nitrate leaching
from grassland (circa 30%) was  remarkably high in their study, tak-
ing into account the low N fertilisation level and the management
of restricted grazing.
A second assumption was that grazing must be proportional to
grass production. When grass intake is decreased due to a stock-
ing rate that is too high in relation to production, it will result in
increased supplemental feeding and a number of urine patches
that’s higher than in our calculations. This, in turn, will result in
increased nitrate leaching.
Grazing day and night, which is becoming less popular in
the Netherlands but is still practised, will also result in a
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onsiderable increase of nitrate leaching. In such a grazing sched-
le, the cows eat approximately 12 kg of grass per day while no
upplemental protein-poor roughage is given. Hence, the N con-
umption is increased. This will result in a urine production of 35
itres per day with an N content of 8 g l−1, over 80% of which will be
eposited in the ﬁeld [22]. When again 50% of the grass produced
s grazed, this will result in an area of urine patches of 2430 m2
er ha per year with a N load of 400 kg ha−1, and a nitrate leach-
ng of 16.7 kg (measured) or 18.8 kg (model) N per ha. This implies a
lear increase in nitrate leaching under day and night grazing when
ompared to day grazing only.
Finally, when taking the beneﬁts of supplemental protein-poor
oughage into account, the nitrate leaching from the ﬁelds where
his roughage (mainly silage maize) was grown should also be con-
idered.
A last complication when estimating the effect of grazing on
itrate leaching is the consequence of a non-grazing system:
nhanced manure production indoors and manure application in
he ﬁeld. As already noticed, this will lead to enhanced ammonia
olatilisation. Furthermore, it might also lead to increased nitrate
eaching. According to Ten Berge et al. [24] there is no evidence for
n increased nitrate leaching when mineral fertiliser is replaced by
anure in the Netherlands; Korsaeth et al. [25] and Wachendorf
t al.  [26], however, measured an increased nitrate leaching after
ubstitution of mineral fertiliser for manure.
. Conclusions
Grazing generally will lead to increased nitrate leaching through
he deposition of urine patches. This increase was stronger after
pplication later in the season, although the relation to the date
f application was never entirely consistent. Hence, restrictions to
razing in autumn probably will be effective in decreasing nitrate
eaching, but its contributions remains hard to quantify.
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